Despite the homogenising effect of strong gene flow between two populations, 13 adaptation under symmetric divergent selection pressures results in partial re-14 productive isolation: adaptive substitutions act as local barriers to gene flow, 15 and if divergent selection continues unimpeded, result in complete reproduc-16 tive isolation of the two populations, i.e. speciation. However, a key issue in 17 framing the process of speciation as a tension between local adaptation and the 18 1 homogenising force of gene flow is that the mutation process is blind to changes 19 in the environment and therefore tends to limit adaptation. Here we investigate 20 42 (patches) for feeding caterpillars: under-leaf and over-leaf. These niches likely 43 differ in predator pressure. Why then does each species not bifurcate into an 44 2 under-and over-leaf phenotype? It seems they cannot, even though variation 45 exists in nature for under-and over-leaf caterpillar lifestyles. Felsenstein's an-46 swer is that the divergent selection caused by differing predator pressure on the 47 pair of patches is insufficiently strong to overcome the homogenising effects of 48 gene flow between incipient patch-populations. His objective measure of the 49 homogenising effects of gene flow became part of the canon of evolutionary biol-50 ogy and to some extent founded the study of limits to adaptation (Barton and 51 Partridge, 2000; Lenormand, 2002). 52 Several verbal models and simulation studies have framed the process of spe-53 ciation as a tension between local adaptation and the homogenising force of gene 54 flow (Wu, 2001; Flaxman et al., 2013; Yeaman and Whitlock, 2011; Rafajlović 55 et al., 2016). Flaxman et al. (2013) simulated divergent selection acting on 56 many loci between two populations connected by gene flow and concluded that 57 this model (intended as an extension of Felsenstein's) has an emergent property: 58 populations can adapt to the opposing environmental stresses experienced in a 59 pair of equal-sized patches even in the face of strong gene flow and, in the pro-60 cess, become (partly) reproductively isolated. Multilocus emergent properties 61 had been described previously (e.g. Barton, 1983), and so, on superficial inspec-62 tion, these results seem plausible. The model simulated by Flaxman et al. (2013) 63 assumes that local adaptation is never-ending, i.e. each new mutation confers a 64 fixed selective advantage locally. In contrast, other simulation studies of a pair 65 of populations connected by gene flow have viewed local adaptation to a new 66 set of fixed local optima (Yeaman and Whitlock, 2011; Rafajlović et al., 2016). 67 However, while these population and quantitative genetic studies of divergent 68 selection make different assumptions about the genetic basis of local adaptation 69 (an eternal stream of local sweeps vs adaptation to a fixed set of local optima), 70 they share an important feature: only locally beneficial mutations (LBMs) that 71 and LBMs arising in a genome? Moreover, the hitchhiking-fixation of locally 99 deleterious mutations is not the main driving factor potentially slowing down 100 adaptation: Sweep interference is, and occurs only while mutations are not fixed 101 (Hill and Robertson, 1966; Barton, 1995). 102 Here we use simulations to investigate how the presence of GBMs affect the 103 process of divergent local adaptation and reproductive isolation. We extend 104 the existing simulation frameworks of (Yeaman and Whitlock, 2011; Rafajlović 105 et al., 2016; Flaxman et al., 2013) in which divergence evolves under a constant 106 high rate of mutational influx. In these models, local adaptation involves many 107 loci and the dynamics resulting from the selective interference of locally and 108 globally beneficial mutations cannot be captured by the analytic results that 109 are available for the simpler case of a single introgressing locus. 110 Specifically, we i) ask to what extent adaptation to locally divergent trait 111 optima is impeded by selective sweep interference from GBMs, ii) test how the 112 effect of globally beneficial mutations depends on the assumptions about local 113 adaptation (population genetics vs quantitative trait genetics models) and iii) 114 consider how GBMs influence the evolution of reproductive isolation during the 115 late stages of speciation. 116 Methods 117 General outline of the model of local adaptation 118 We study the impact of global selection by adding globally beneficial mutations 119 (GBMs) to a multilocus model of divergent local adaptation similar to that 120 studied by Yeaman and Whitlock (2011) and Rafajlović et al. (2016). Simu-121 lations were implemented in SLiM3.3 (Messer et al., 2016). We consider two 122 Wright-Fisher populations (discrete non-overlapping generations) of N e diploid 123 the genome wide shutdown of gene flow results in a much wider distribution of 318 between population coalescence times (figure S8). 319 Conclusions and future directions 320 We set out to address an 'adaptationist' imbalance in existing models of evo-321 lution under divergent selection: where evolution's stream of mutations, some 322 of which give rise to better organisms, is redirected on the advent of a pair 323 of patches, such that better organism mutations (GBMs) stop and only bet-324
affect fitness as a function of the two patches are considered. This "adaptationist" simplification ignores a central tenet of Darwinian evolution: namely, 73 that the mutational process is blind to changes in the environment (Barton and 74 Partridge, 2000) and therefore will tend to limit adaptation. 75 Even if we ignore deleterious mutations, a substantial fraction of new ben-76 eficial mutations must be advantageous in many environmental contexts. Re-77 turning to our toy example of caterpillars in over and under-leaf patches, such 78 globally beneficial mutations (GBMs) include all variants that increase cater-79 pillar fitness in both leaf patches as well as any mutation that increases fitness 80 at the adult stage. Even in the presence of a barrier to gene flow, such globally 81 beneficial mutations will tend to selectively sweep across patches (Piálek and 82 Barton, 1997) . Previous analytic work has focused on the interaction between 83 GBMs and LBMs in the context of adaptive introgression: how likely are GBMs 84 to introgress from one species into another if they are linked to alleles with lo-85 cally deleterious effects (Piálek and Barton, 1997; Hartfield and Otto, 2011; 86 Uecker et al., 2015) . Uecker et al. (2015) show that the probability of a single 87 locally deleterious allele hitchhiking to fixation decays to zero over a distance 88 1 2Ner , where N e is the effective population size and r is the scaled recombina-89 tion rate. For example, given parameters for modern humans (N e = 10, 000 and 90 r = 10 −8 ), the relevant distance is ≈ 5kb, shorter than the average gene. Given 91 that many sexual species have higher scaled recombination rates, recombination 92 should be frequent enough to prevent the majority of locally deleterious muta-93 tions from hitchhiking to fixation (Hartfield and Otto, 2011) . While the sweep 94 dynamics of individual variants that are linked to locally deleterious mutations 95 have been characterized in some detail (Hartfield and Otto, 2011; Uecker et al., 96 2015), the flip-side of this interaction has received little attention: to what ex-97 tent is local adaptation impeded when there is a constant supply of both GBMs 98 individuals that exchange, on average, M = 4N e m migrants per generation and 124 that experience soft selection. Recombination is modelled by assuming that 125 cross-over events occur uniformly at random, i.e. we ignore gene conversion and 126 physical constraints on double cross-over events. Both populations start out 127 perfectly adapted to a shared local optimum set at 0 until the onset of diver-128 gent selection. An instantaneous change in the environment shifts their optima 129 to θ + , and θ − = −θ + , respectively. We thus assume that adaptation is de novo 130 and that the optima are stationary. We further assume additive fitness effects, (2011) and Rafajlović et al. (2016) , the fitness of an individual in 134 deme i with phenotype z is given by
New offspring is generated each generation until the preset fixed population Adding globally beneficial mutations 156 We consider a scenario in which the two populations are also adapting to a 157 shared moving optimum on a second orthogonal trait. However, we make two 158 key modeling assumptions. The first assumption is that there is no pleiotropy, 159 i.e. each beneficial mutation contributes either to local adaptation or global 160 adaptation, but not both. This ensures that any detected interactions which 161 limit local adaptation are only due to genetic hitchhiking (rather than pleiotropy).
162
The second and more subtle assumption concerns the distribution of effect sizes 163 for the GBMs. For a constantly moving optimum, the population will lag be- where h = 0.5 if an individual is heterozygous, and h = 1 if it is homozygous 173 (i.e. we assume co-dominance).
174
To measure the impact of GBMs on trait divergence, we track the mean 
181
To facilitate comparisons between scenarios with and without GBMs, the 182 rate u l of LBMs is kept constant throughout. Since the relative ratio of GBMs 183 to LBMs is unknown in nature we explore varying u g /u l , but ensure that the 184 total rate of beneficial mutations (u = u g + u l ) is biologically plausible given 185 empirical estimates of de novo mutation rates and the distribution of fitness 186 effects (see Choice of parameter space). For each parameter combination we 187 ran 200 replicate simulations.
188
We have re-implemented the model studied by Flaxman et al. (2013) in SLiM3 (u l , u g , M, T ) the same as in the phenotype-based model described above (Table   193 1). And as before, we assume that new mutations are either LBMs or GBMs. to test this ratio argument.
214
Results and Discussion

215
The results section is structured as follows: we first describe the effect of GBMs The more loci required for perfect adaptation, the larger the chance that GBMs 248 arise in close proximity. In what follows, we therefore focus our attention on 249 the weak-selection, polygenic case.
250 Figure 1 : The time it takes for two populations to diverge in average phenotype (∆z) depends on u/r. GBMs reduce phenotypic divergence in the weak selection regime (s g = s l ) with µ l = 0.01 (polygenic scenario). Gray line represents the scenario without GBMs, coloured lines with GBMs (u g /u l ∈ [1, 2]) Since the map length R = 5cM is fixed, the mutational input and the number of GBMs sweeping at any given time increases from left to right. This explains why adaptation is faster and the impact of GBMs larger. The width of the shaded area is 2 standard deviations.
To understand why the observed dynamics differ from the impact of sin- for attempts to infer the targets of divergent selection in genome scans and may 300 be impossible to distinguish from LBMs using F st as a diagnostic summary 301 statistic (Charlesworth, 1998; Cruickshank and Hahn, 2014) . However, given the 302 different effects LBMs and GBMs have on the distribution of between population 303 coalescence times, it should be possible to distinguish between them using richer 304 summaries of sequence variation.
305
GBMs delay the build up of strong reproductive isolation 306 We have so far only considered the effect of GBMs on adaptation to a fixed set of introduced our own symmetric simplification: the same DFE for GBMs and 344 LBMs. Given that such many-fold symmetry is biologically unrealistic, an im-345 portant task for future work is to test the robustness of these results to violations 346 of symmetry. If our results are specific to symmetries, then by our own argu- Figure S5 : The distribution of frequency-weighted effects of LBMs in the dynamic equilibrium phase (at 10 × 2N e generations) for the polygenic case (top) and for the non-polygenic case (at 5 × 2N e generations, bottom), with (orange) and without (gray) GBMs. The top plot corresponds to figure S1 panel (1,3) ; the right plot, S2 panel (1,3) Figure S6 : The genome-wide distribution of between population coalescence times f (T 2 ). The neutral expectation (assuming M = 1) (Lohse et al., 2016, eq. 10) is shown as a gray solid line, distributions (across 200 simulation replicates for the weak selection non-polygenic case, u/r = 0.01, µ l = 0.05) in the absence and presence of GBMs are shown in gray and orange respectively. 86% and 99% of coalescence times respectively are smaller then 5T . This data corresponds to figure Figure S8 : The genome-wide distribution of pairwise coalescence times f (T 2 ) across 50 replicates for the BU2S model (u/r = 0.01, s g = s l = 0.001, M = 1). Without GBMs the genome wide migration shutdown occurs around 4 ×2N e generations in the past. In the presence of GBMs the two populations share ancestry more recently at a substantial fraction of genome. 13% (LBMs only) and 73% (with GBMs) of coalescence times are smaller then 5T
